Thanks to the evolution of game controllers video games are becoming more and more popular in physical rehabilitation. 
Introduction
Commercial video games have significantly evolved over the last decade. Today computer performance and play experience allow new perspectives for rehabilitation. Thanks to new gaming controllers (Nintendo Wii Fit™, Microsoft Xbox Kinect™, etc.) video game playing has changed from a passive (i.e., the player is seated on a sofa) to an active experience: players have to move in order to interact with games.
Clinicians are now prospecting the new potential use of these games in rehabilitation mainly through testing available commercial games with patients suffering from various pathologies, mainly in the neurological field (e.g. cerebral palsy [1] , stroke [2] , Parkinson disease [3] , elderly [4] …). The term serious gaming is used to describe the use of commercial games in rehabilitation. Physical rehabilitation must be based on active exercises, and these new gaming strategies allow for this. Currently there are two main limitations with the use of commercial video games in rehabilitation. First of all, these games are not adapted for rehabilitation (e.g. not based on physical rehabilitation exercises, based on speed, too complex visual background) since they are developed for fun and entertainment purposes. Therefore results of the clinical studies exploring the possibilities of the integration of such kind of exercises in physical rehabilitation did not, currently, present a high level of evidence [1] [4] .
Secondly, player motion accuracy requested by the player during the games is low while most therapists will aim to improve patient joint control and coordination. Furthermore, there is currently no possibility to record the motion performed by the patients during exercises. However, collecting this information could be important to: (i) allow to provide direct feedback to patient and eventually correct the motion if they are not performed in the right way and (ii) to provide information to therapists in case of telerehabilitation exercises when the patient is performing exercises at home without the clinicians' supervision [5] .
In order to tackle the above mentioned limitations, specific games must be developed for rehabilitation purposes [6] . Such kind of games, called serious games (SG) (i.e. games designed with a primary purpose other than pure entertainment), must be designed taking into account real clinical needs and constraints (e.g. simple visual background, based on relevant clinical schemes, range of motion and speed required to perform the exercises must be adaptable…) [7] and allow to record motions performed by the patients [8] .
Since the release of the Nintendo Wii Balance Board™ (WBB) and the Microsoft Xbox Kinect™ (Kinect) in 2007 and 2010 respectively a lot of studies have been done in order to evaluate if these devices can be used to perform simple biomechanical evaluation (Kinect) and balance or posture assessment (WBB).
Concerning the WBB, several studies found good results for balance assessment in static condition [9] [10] and for force estimation [11] . Therefore, the WBB is used in clinics with patients suffering from Parkinson's disease [12] , orthopedic injuries (e.g. anterior cruciate ligaments injuries [13] ) and with elderly patients [14] [15] . Despite these studies the use of WBB in clinics is still controversial [16] [17] .
Concerning the Kinect, there are studies exploring the possibilities of this device for posture assessment [18] , gait analysis [19] , functional evaluation [20] . The Kinect is a markerless motion capture system that provides a simple skeleton model allowing full body analysis [21] . Such kind of system seems to be accurate enough to track and monitor patients body movements during simple rehabilitation exercises [8] . However, while results about repeatability of measurement performed with the Kinect are excellent [22] , it appears that the skeleton model provided is not always stable and does not allow three-dimensional (3D) motion analysis (due to the small numbers of point) [20] . A model-based approach (MBA) has been developed in order to tackle these problems and allows 3D motion analysis with the Kinect [23] .
It appears thus that specially developed SGs coupled to the WBB and the Kinect sensor could be used to follow patients' evolution during rehabilitation exercises [24] . However before being used in clinics to assess patients, the data collected during the games and parameters extracted from it must be repeatable from session to session or at least the progress made between the first and the last session due to a learning effect must be known. These data are important in order to quantify the part of the evolution of the patients due to clinical improvement and the part due to learning effect (if any).
Such kind of evaluation, done during the rehabilitation, has many advantages; (i) done in the natural environment of the patient (it is known that patients are not exhibiting the same performance when there are wearing underwear in a gait laboratory), (ii) when patients are immerged in the games they are less focused on the motion and on pain and can reach larger amplitudes than when there are asked to perform one particular motion, (iii) time saving and (iiii) financially beneficial (the devices are affordable and since the evaluation is done within the therapy session there is no dual pricing).
Therefore, the aim of this study was to evaluate the repeatability of the measurements collected during rehabilitation exercises performed by healthy subjects with the Kinect sensor and to quantify the learning effect in order to determine whether or not those parameters could be used to assess patient's status and follow up during the rehabilitation process. A second objective is to determine the evolution of the parameters collected during the exercises depending on the age of the participants.
Material & Method

Games
Two specific SG have been developed (snapshots of the games are presented in Fig. 1 and 2 , movies of the games can be seen from http://www.youtube.com/ict4rehab) [7] . During the Wipe Out game, patients must clean a screen covered by mud using a cloth (Fig. 1) . During the Pirates game subjects have to conduct a pirate to a treasure following a predefined path, different configurations are possible (Fig. 2) . The Kinect was connected to a laptop (Intel Core I5, Windows 7, 6 GB RAM) via USB connection and data were retrieved using custom-written software based on the Kinect SDK [25] . All the data collected were stored in C3D file format (3D Biomechanics Data Standard). 
Participants
Ten young healthy adults (age= 26 (4) years, height= 175 (12) cm, weight= 65 (12) kg, 3 females) and nineteen healthy children (age= 9 (3) years, height= 133 (17) cm, weight= 28 (11) kg, 3 females) participated in this study, age repartition is presented in Table 1 . No participant presented any neurological or orthopedic disorder and none of the subjects was taking medication at the time of the study that may have influenced balance, posture or limbs motions. This study was approved by the Ethical Committee of the Erasme Hospital (CCB: B406201525316) and written informed consent was obtained from all subjects prior to their participation.
Procedures
The Kinect sensor was placed on a tripod at 1.5 m above the floor. Subjects stood at 2.5 m from the camera and the screen of the computer; this distance was found to provide optimal results in a previous study [26] . Installation of a subjects is presented in Figure 3 Subjects were then invited to play the games. Each session comprised the following games:
For the Wipe Out games three different configurations were used to control the cloth: with the upper limb, the lower limb and with the trunk. When the game is controlled with upper or lower limbs the screen is virtually divided into two parts. For each of the configurations 3 repetitions were performed in every session.
For the Pirate games two configurations were tested: with the upper limbs and with the lower limbs. As shown in Fig. 2 three different conditions were used: straight line from bottom to top (Configuration 1), straight line from top to bottom (Configuration 2) and curved path (Configuration 3). All of these configurations were symmetric. The three-different configurations were used in every session.
Both the order of the games and the order of the configuration within the game were randomized. The duration of a session was approximately 15 minutes (depending on the ability of the subject).
In total 9 sessions were played (3 sessions per week) using the same protocol for the adults and 2 sessions (one week intervals) for the children.
Data processing
Time required to succeed to perform a task is a good indicator of the global performance (e.g. gross motor function). Therefore, for both games the first parameter to analyze is the time required to perform the task (clean the screen or bring the pirate to the treasure).
In order to get more accurate and reliable results all the data collected with the Kinect were optimized using the developed Model Based Approach (MBA) [23] . Ranges of Motion (RoM=Maximal angle -Minimal angle) for 3D shoulder motions (flexion/extensionabduction/adduction and rotations) and elbow flexion were processed for games controlled by upper limb and 3D hip motions (flexion/extension -abduction/adduction and rotations) and knee flexion for lower limb.
Then due to the different nature of the task, two different parameters were processed to get more information about the motions.
For the Wipe Out game the total length of the trajectory, the surface of the trajectory and the reaching area (i.e. the 3D envelop of the trajectory of the wrist related to the trunk or the foot related to the pelvis for upper and lower limb respectively). The reaching area is an important factor used in ergonomic to assess autonomy and functionality of the patients.
For the Pirate game another variable was computed to assess the quality and accuracy of the motion. For the upper limb motion of the wrist related to trunk along Z axis (up and down displacement) and X axis (medio-lateral displacement) were plotted and a polynomial fitting was applied (1 st degree for straight trajectories and 2 nd degree for curved one) to finally obtain the error estimate between the expected motion (trajectory on the screen and the one performed by the subject.
Ratios between right and left side were processed for all those parameters because many pathologies are asymmetric or affects only one side [27] . Therefore, it is important in clinics to quantify and compare the affected side related to the healthy one. Even for healthy subjects this ratio is important to determine if it is possible to detect difference between dominant and nondominant hand.
Statistical analysis
Normality of the data was checked using the Shapiro-Wilk test. Mean values and standard deviations were calculated. ANOVA tests for repeated measures were processed to compare the 9 sessions. In order to be more close to the clinical situation were testing is done before (pre-test) and after (post-test) the intervention, ANOVA tests were computed to compare results of the first and of the last session (noted "Pre-Post" in Tables 2-3 The test-retest reliability was investigated using Intra-class Coefficient Correlation (ICC) (two-way random average measures). All statistics and data processing were performed in Matlab (MathWorks, Natick, Massachusetts, U.S.A.).
Results
Results of the children were used to evaluate the effect of the age and maturity on the time required to perform these rehabilitation exercises. Table 1 presents the results of the time required to perform the different configuration of the Wipe Out game according to the age of the participants.
Results of the biomechanical analysis used to perform the follow-up are presented for the adult's population (for clarity reason and due to space restriction). Table 2 presents the results of the RoM reached during the different games (mean values of the different configuration and repetitions of the games), results of ANOVA tests (comparison of the ratio for the nine sessions), ICC is used to compare the nine sessions, Pre-Post is comparison between first and last session. The difference is the difference between session 1 and 9 expressed in percentage. For clarity and in order to avoid overloading the tables, only results of the first and the last sessions are presented. ANOVA and ICC have been processed on the ratio between left and right side for the nine sessions.
Finally results about the quality of the motion performed during the games are presented in Table 3 and Table 4 for the Pirate and the Wipe Out games respectively. 
Discussion
In this study three different approaches were tested to evaluate and assess players' abilities to perform correctly the rehabilitation exercises; (i) time analysis, (ii) biomechanical analysis and (iii) quality analysis. Concerning the time analysis one example is presented in Fig. 3 . ANOVA testing were applied to determine if the observed difference were statistically significant or not. For the three different configuration differences were observed. Two different kinds of scores were thus computed, one for each game, in order to get information about the quality of the motion performed during the games. The configuration used in the Pirate games was developed in order to assess symmetry between both sides and to quantify the severity of the disease compared to the healthy, or less severely affected side. From a therapeutic point of view there is still a debate about the use of symmetric or asymmetric exercises for the limbs [28] , or to train only the affected side [29] . Contrariwise from the assessment point of view, due to high inter subjects variability, it is common to compare affected and healthy side. Results of the evolution of the ratio between right and left side are presented in Table 2 for the 3 different configurations tested. While only one statistical significant difference was found (hands, configuration 3) between session 1 and 9, both ANOVA and ICC results are low. Instead of computing the ratio, statistics on the learning effect were computed on each side separately. The Wipe Out game is less restrictive than the Pirate game since players are free to clean the screen without constraints. Therefore, scores relate to the trajectory path (length, surface and volume). No significant difference was found between the sessions, and good agreements were found for trajectory lengths and volume for both upper (ICC=0.60) and lower limbs (ICC=0.80). As for the time more reproducible results have been found for the lower limbs compared to upper limb.
In order to estimate the learning effect for every parameter the difference between results obtained during the second and the last sessions were computed since it appears that there is an important decrease between the first and the second session. The results are presented in the Table  5 . ANOVA tests were used to determine if the observed difference was statistically significant or not. The learning effect is composed by two components: knowledge of the device (Kinect) but also the best and optimal way of moving to perform the games. From the 33 parameters studied, only two of them presented significant differences between session 2 and 9 (the time for the Wipe Out with the trunk and the error estimation of the Pirate [configuration 1] controlled with the legs). However, some trends can be observed; a decrease in the time required to perform the exercises for all games (mean decrease of 10%). Concerning the RoM no clear trend clearly appears, some joints presented increased amplitudes while other decreased. It is important to note here that, while for the time a decrease is expected as an indicator of progress in the games, for the RoM a better control of the motion does not necessarily imply an increase of amplitude. Actually, from a neurological rehabilitation point of view, by working on the quality of the motion, the coordination between both limbs increases, decreasing coupled motions, decreasing adiodochokinesia, the quantity of the motion (i.e. RoM) required is going to decrease and therefore the energy needed to perform this exercises will also decrease [30] . The different scores related to the quality have been developed for this purpose as an indicator of the efficiency of the motion.
Conclusion
This study focused only on a healthy population and would allow the creation of a database of healthy subjects for latter comparison with patients suffering from various pathologies. Therefore, further studies will focus on establishing a larger database with more children and elderly to analyze more particularly the influence of age on the developed parameters: from the acquisition and maturation of the control for the children until the deterioration caused by aging with the elderly.
To the authors best knowledge, the proposed solution is a unique and innovative approach that combined physical rehabilitation exercises with validated functional evaluation tools to assess and monitor patients' evolution during the rehabilitation process.
Future works will focus on patients suffering from various pathologies to analyze if the different scores computed are representative of the severity of the disease. Development of such kind of scores and of functional assessment performed during the rehabilitation exercises could offer new possibilities for both patients and clinicians involved in long term rehabilitation process. Intensity and required motions that need to be performed in order to control the games could be adapted from sessions to sessions in order to be perfectly adapted to the actual need and capacity of the patients and therefore be more effective for the patients. Future works are also needed to develop new games adapted for rehabilitation. Not only must the games be adapted for patients (speed, range of motion) but it is important to keep in mind that regular evaluation can be done with the SG. Therefore, it is important to find some parameters, relevant from a clinical point of view, that can be extracted from the games and from the motions that have been performed by the patients.
